In the photosynthetic bacterium Rhodobacter sphaeroides, a chromosomal gene, rdx4, which encodes a 52-kDa protein, was found to be homologous tofixG, the 
was found. This DNA sequence was not homologous to any region of the R. melilotipxG operon. The N-terminal sequence of the ORFT2 gene product resembled amino acid sequences found in members of the GntR family of regulatory proteins (D. J. Haydon and J. R. Guest, FEMS Microbiol. Lett. 79:291-296, 1991). The rdxA gene was localized to the smaller of two R. sphaeroides chromosomes, upstream of and divergently transcribed from hemT, which encodes one of two 5-aminolevulinate synthase isozymes. The rdrA and hemT genes may share a transcriptional regulatory region. Southern hybridization analysis demonstrated the presence of an rdxA homolog on the R. sphaeroides large chromosome. The functions of this homolog, like those of rdx4, remain to be determined, but roles in oxidation-reduction processes are likely.
Rhodobacter sphaeroides is an a-purple nonsulfur eubacterium with diverse metabolic capabilities including the ability to grow aerobically, anaerobically, photosynthetically, and diazotrophically. Studies in our laboratory of 5-aminolevulinate (ALA) formation, the first and rate-limiting step in tetrapyrrole biosynthesis, led to the identification of an R. sphaeroides genetic homolog to fixG, a gene previously suggested to be involved in symbiotic nitrogen fixation by Rhizobium meliloti (35) . The R sphaeroides homolog, designated rdx4 for redox, was found upstream of and divergently transcribed from the hemT gene, which encodes one of two ALA synthase isozymes (53, 68) . The aim of this study was to determine the expression and function of rdA4 in R. sphaeroides.
The specific role of fixG in R. meliloti has not yet been determined. The fixGHI(S) operon is located on the R meliloti pSym plasmid;fixG is the first gene transcribed (35) . Transposon TnS insertions throughout the operon result in mutants that are unable to fix nitrogen. Hybridization studies with a probe containing part offixG and the entire fixH and fixI genes have suggested strong conservation of these genes among rhizobia, although the region(s) of the probe responsible for hybridization was not localized among the three genes. FixI was predicted to be the catalytic subunit of a cation pump based on sequence similarities to ATPases (35) . FixG, predicted to have five transmembrane regions, was found to have amino acid sequences that might coordinate iron-sulfur centers. FixG was predicted to be involved in an * Corresponding author.
oxidation-reduction (redox) process, perhaps coupled to the FixI cation pump in a function specific for symbiotic nitrogen fixation (35) .
As discussed below, the deduced amino acid sequence of RdxA would also suggest it to be a membrane protein involved in a redox process, although in free-living R sphaeroides this process would not be specific for a symbiotic function. To determine the expression, localization, and topology of RdxA, translational fusions were made with an Escherichia coli phoA structural gene encoding alkaline phosphatase but lacking any signal sequences for protein export (44) . Measurable PhoA activity results only from recombinant proteins in which an N-terminal R. sphaeroides peptide region can properly direct the C-terminal alkaline phosphatase moiety to the periplasm (70) . In this study we constructed and examined the expression of RdxA::PhoA fusions in both E. coli and R. sphaeroides. In addition we studied the effects of an rdxr4 chromosomal disruption and the genomic environment of the wild-type locus to determine the function of this novel gene.
(Part of this work was presented at the 91st Annual Meeting of the American Society for Microbiology, Dallas, Texas, 1991.)
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids are listed in Table 1 . R sphaeroides strains were grown with Sistrom's succinic acid minimal medium (41) supplemented as needed with antibiotics at the following concentrations: tetracycline, 1 p,g/ml; streptomy- This study ( Fig. 1) cin, 50 ,g/ml; and spectinomycin, 50 ,ug/ml. R sphaeroides cultures were grown aerobically at 30°C on a rotary shaker or sparged with 30% 02-69% N2-1% CO2. Photosynthetic cultures were grown photoheterotrophically in the light (10 W/m2) in completely filled screw-cap tubes or sparged with 95% N2-5% CO2. A modified Sistrom's medium containing no source of reduced nitrogen was used for diazotrophic growth; K2SO4 was substituted for (NH4)2SO4, Na2MoO4
was substituted for (NH4)6Mo702, and neither glutamate nor aspartate was added to the modified medium. Diazotrophically grown cells were sparged with 98% N2-2% CO2 and grown in light at an incident intensity of 10 W/m2.
E. coli strains were grown at 37°C with Luria broth (43) supplemented as needed with antibiotics at the following concentrations: tetracycline, 10 p,g/ml; streptomycin, 25 p,g/ml; spectinomycin, 50 p,g/ml; and ampicillin, 50 p,g/ml.
Isopropyl-o-D-thiogalactoside (40 ,uM) and 5-bromo-4-chloro-3-indolyl-3-D-galactoside (30 Fg/ml) were used to monitor ,B-galactosidase activity in the construction of plasmids (71 (43) . Chromosomal DNA was isolated as previously described (19) . Southern hybridizations (2 ,g of DNA per lane) were carried out by using capillary transfer of the DNA to nitrocellulose or nylon membranes (43) . Modifications for the transfer of highmolecular-weight DNA from pulsed-field electrophoresis gels were as described previously (65 (56) was used in the construction of a pSUP202 (63)-derived plasmid, pUI1029, carrying specifically modified R sphaeroides DNA. Plasmid pUI1029 was introduced into R sphaeroides wild-type strain 2.4.1, in which it cannot replicate, by previously described conjugation techniques (68) . Transconjugants in which all or portions of pUI1029 had been chromosomally integrated by homologous recombination were selected for Smr spr. These colonies were checked for Tcs; of 200 Smr Spr R. sphaeroides isolates screened, 4 were found to be Tcs. One of these was designated RdxAl after Southern hybridization analysis. Generation, deletion, and DNA sequence determination of subclones. DNA fragments of 0.1 to 2.5 kb were cloned into M13mpl8 and M13mpl9 vectors (71, 72) . Nested deletion derivatives of the larger fragments were generated by using the Cyclone I Biosystem of International Biotechnologies, Inc. (New Haven, Conn.). The single-stranded ends of cloned DNA fragments were progressively digested by T4 DNA polymerase according to the manufacturer's instructions, and overlapping clones entirely covering both strands of the rdx.4 region were isolated. M13 bacteriophages were isolated, propagated, and used for the generation of singlestranded DNA sequencing templates (4 (GTA) CATGGGGATC ACCTTCTGTT GGAGCGACAC GCATCGCGGC AGGCATTGCC GAGCCGCCTA TCGGCCATTT GTATGGCTTA CAATCTGGAT GAATCAACGG ACATTTTGCC GCTGACACTC CTGACGCACG CGTGATGCGC GGCGAAACGT 150 GCCGACACTT CCCTGGACAT TGTTAGAGAA TAGGGGGCCA CCCTTCTTCC CCACGAAGAC ATGAACCATA CATTGAACAG AGATTTGTAT GGGTGTAGGT ACGGCGCGTG CCGTGAGTCT CTGTTCAACC TGACGCGCTC GATGGGCCAG 300 TCTTCCCTTG CGTCCGGTCT CCGTTCCCGA TGCGCCGTCT CTTCTGGCGT GGCACCCGAT CCTCCGCCGG CGTTCCGAAC GATCCGGCCG CACCGAGAAGCGAACC ATGAGCGAGCCCCTCTACGCCCCGCGAACACCCATCTTTCCGCG 450 : jl l BamNI N S E P L Y A P R T P I F P R : CCAGATCTCCGGCGCCTTCCGAACGGCCAAMTGGTGGAT_CCTGGCGGTCAGCCTTGGGATCTACCTCCTCACGCCCTGGCTGCGCTGGGACAGGGGCCCGAACCTTCCCGACCAGGCGGTGCTGATCGACATTGCCGGCCGACGCTTCTT 600
CTGGCGCCGGTGGCGATGGACGAACAGGGCATCCTCCCCGAGGCGTTCGAGGCGGTCTGCCGCGAGCGGGCGCCGAAGCTCCTCTATCTCATCCCGTCGATCGACAATCCGACGACAGCGACCTTGCCGGCCGACCGTCGCCGGGAGGTT 2696:
CGCATCGCTTATGTCCTTGCGCCCAATGCCGCGGCCGCCGTCCGGCTGGCGACGGTCCTGCGGTCGAGCGTGCTGATGGCGCCGCCGATCTTCGCGGCCCTCGCCACCCGCTGGAT1CACGGACGGACGCTGACGGCTCTTGCCTCTGCG 2996:
ATCCGCGCCGAAAACCGCCAGCGCCAGAGCTCCGCCGCGTCGATCTTCTCGGGGCTCGATTTTGrCGCCGCCGATCCTGACGGGCACCACCTCTGGCTGCACCTGCCCCAGCGCTGGCGCGCCGCCGAATTTGCCGACCACGCCGAGCGGGCG 3146: Open reading frame analysis and mol% G+C. In Fig. 2 Fig. 2 ; the AG of a stem-loop formed by these 24 paired nucleotides was estimated to be -32 kcal (ca. -134 kJ).
Throughout rdx4 and ORFI2, a relatively low secondposition-codon G+C content and a relatively high thirdposition-codon G+C content were found, consistent with these being coding regions (5) . The intervening DNA between the two genes had a uniform G+C distribution. The codon usages in rdxA4 and ORFI2 were compared with those of 15 previously studied R sphaeroides genes. The codon usages in all genes were similar.
Sequence similarities to RdxA Computer-assisted searches of the GenEMBL and Swiss-Prot data bases revealed significant homology between RdxA and FixG, encoded by a pSym-plasmid gene of R. meliloti (35) . An alignment of the RdxA and FixG deduced amino acid sequences is shown in Fig. 3 ; 53% of the aligned residues are identical, and 73% of the aligned residues are similar or identical.
Similarities between a central region of RdxA and those of bacterial-type ferredoxins were also detected. The highly conserved pattern -Cys-Xl-X2-Cys-X3-X4-Cys-X5-X6-X7- (20) are indicated in boldface type and underlined. Cysteine residues that may be involved in iron-sulfur cluster binding are enclosed in boxes.
RdxA residues at the junctions of RdxA::PhoA fusions are circled and shown in italics at positions 258 and 395.
tween RdxA and numerous ferredoxins and iron-sulfur proteins were detected. Alignments with some of these proteins are shown in Fig. 4 .
With the Swiss-Prot data base (release 21.0), 11 of the 40 best protein sequence matches with RdxA were cytochrome b sequences from a variety of mammals (33) . In pairwise comparisons of each cytochrome b sequence with RdxA, approximately 27% of aligned residues were identical over a 37-amino-acid stretch at the N-terminal portion of the proteins. An examination of the 40 best data bank sequence matches with either RdxA or FixG revealed similarity with numerous oxygenases and oxidoreductases in limited regions throughout the length of the amino acid sequences (Table 2) .
Sequence similarities to ORFT2. Computer-assisted searches detected sequence similarities between the N-terminal region of ORFT2 and five proteins known or proposed to be regulatory proteins (Fig. 5) Two transmembrane segments were found at amino acid positions 157 through 176 and positions 320 through 336.
Secondary structure predictions by the method of Gamier et al. (27) suggested the N-terminal region of the ORFT2 protein to have an a-helix-,-tum--a-helix configuration common in regulatory proteins. A program in the PC/Gene software predicted the N-terminal region of the ORFT2 gene product to be a negative regulatory (repressor) protein. A helix-turn-helix region would also be suggested by alignment with a consensus sequence (Fig. 5) (18, 31) .
Construction and analysis ofphoA fusions. Fusion proteins were used to test the hypothesis that RdxA is a membrane protein. (alkaline phosphatase) hybrid proteins with fusion junctions before and after this helix at RdxA amino acid positions 258 and 395 were constructed. The 2,538-nucleotide PstI-SalI fragment of pUI552 was inserted into phoA fusion vector pUI320 to form pUI1023 (Fig. 1) . The in-frame fusion between rdxA andphoA on pUI1023 was confirmed by DNA sequence determination. A fragment of pUI1023 including the recombinant rdx4-phoA DNA was transferred to pRK415 to form pUI1024 (Fig. 1) . In pUI1023 and pUI1024, 395 codons of rdxA precede the phoA gene.
A 2,127-nucleotide PstI-HincII fragment of pUI552 was joined to pUI320, forming an in-frame rdxA-phoA fusion (pUI1026, Fig. 1 ). The DNA sequence of the junction was confirmed. The recombinant rdxA-phoA DNA fragment was inserted into pRK415 to form pUI1027 (Fig. 1) Table 3 ; the results represent averages of at least three experimental repetitions. As expected (44) , the majority of the pUI1024-encoded enzyme activity was found in the periplasm. Strains 2.4.1(pUI1024), 2.4.1(pUI1027), 2.4.1(pUI322), DH5a(pUI1023), DH5a(pUI1026), and DH5a(pUI320) were grown with XP, which generates a blue product when cleaved by alkaline phosphatase. On XP-agar plates, 2.4.1 (pUI1024) and DH5a(pUI1023) led to a detectable blue color, whereas the other strains did not. The alkaline phosphatase activities in strains carrying pUI1023 or pUI1024 suggest that the region of the RdxA-PhoA junctions in the proteins encoded by these plasmids, at RdxA amino acid 395, is periplasmically located. In contrast, the region of the RdxA-PhoA junctions of the proteins encoded by pUI1026 and pUI1027, at RdxA amino acid 258, would appear to be cytoplasmically located. A topological model of RdxA based on these results and the prediction of membrane-spanning regions by the method of Eisenberg et al. (20) is shown in Fig. 6 .
Construction and characterization of mutant strain RdxAl. At the 5' region of rdxA, a 573-nucleotide deletion between BglII restriction endonuclease recognition sites (Fig. 2 , positions 453 and 1026) was made, and the fQ Smr Spr cartridge (56) was inserted at this site. This disrupted rdx4 gene carried on plasmid pSUP202-derived pUI1029 (Fig. 1) was introduced into wild-type strain 2.4.1. A mutant strain, RdxAl, in which the specifically disrupted rdx4 replaced the chromosomal wild-type gene, was isolated. The chromosomal configuration of the rMM locus of RdxAl was confirmed by Southern hybridization analysis (data not shown).
Growth rates of RdxAl under various physiological conditions were determined (Table 4) . To ensure that no reduced nitrogen source was present in the medium utilized for diazotrophic growth, cells were inoculated and sparged with argon rather than nitrogen gas. In the absence of N2 gas, no 44 14 78 chain 1 (Sw:Nulm-Drome) (26) FixG 79 24 29 chain 5 (Sw:Nu5m_Mouse) (6) FixG 482 60 10 (Sw:Nu5m.Rat) (25) RdxA 362 37 19 Pyruvate-flavodoxin oxidoreductase (Sw:Nifj_Klepn) ( Arachidonate-12-lipoxygenase (Sw:Lox2_Human) (24) RdxA 367 32 34 Superoxide dismutase (Sw:Sodp_Pea) (60) 
Alignment of the N-terminal amino acid sequences of the ORFT2 gene product and bacterial regulators. The known or putative bacterial regulatory proteins are Streptomyces lividans KorA (37), E. coli A (GenA) (64), P30 (10), and FadR (17), and B. subtilis GntR (23) . Residues identical to those encoded by ORFT2 are enclosed in boxes; identical aligned residues in two or more of the regulator sequences are underlined or indicated in boldface type. A consensus helix-turn-helix sequence (18, 31) is shown above the ORFI`2 sequence in a region with nine residues identical to those of the consensus (*). growth occurred. Under the aerobic, photoheterotrophic, and diazotrophic conditions tested, RdxAl grew at a rate comparable to that of wild-type strain 2.4.1.
Chromosomal localization of rdx4. The RdxAl fl Smr Spr cartridge introduced two recognition sequences for restriction endonuclease AseI, allowing precise chromosomal localization of the disrupted locus. The locations of wild-type chromosomal AseI recognition sites were determined previously (66) . Pulsed-field agarose gel electrophoresis and Southern hybridization analysis with rdx4-specific probes allowed the localization of rdxA4 on a 340-kb AseI-generated DNA fragment on the smaller of two R. sphaeroides chromosomes (data not shown). The rdxA gene was found to be 17 kb from a reference AseI recognition site, and it was found to be transcribed in a counterclockwise direction as depicted in Fig. 7C .
Identification and localization of an R. sphaeroides rdx4 homolog. A 1.1-kb DNA fragment within rdx4 was inserted into the pBS vector, forming pUI1032 (Fig. 1) . Radioisotopically labeled rdxA RNA probes were generated from pUI1032 and used in Southern hybridization analysis of genomic 2.4.1 wild-type DNA digested with restriction endonucleases AseI, AseI and Dral, and SnaBI and DraI. After pulsed-field agarose gel electrophoresis, Southern hybridization, and autoradiography, two distinct bands were detected in each genomic digest even under stringent conditions (Fig. 7B) . The stronger signal corresponded to the rdx4 gene located on chromosome II. The weaker signal corresponded to hybridization between the rdxA probe and a (pUI320) were also assayed, but specific alkaline phosphatase activity was less than 60 U/min/mg of protein in all fractions.
region of chromosome I. The region of hybridization could be localized to a 190-kb SnaBI-Dral chromosomal fragment (Fig. 7C ).
Southern hybridization analysis of strain 2.4.1 DNA digested with restriction endonuclease SalI and the pUI1032-generated probe led to the identification of the 3.1-kb rdxAcontaining DNA fragment as well as to a weaker signal corresponding to a 4.2-kb DNA SalI fragment (data not shown). Similar Southern hybridization analysis was done with the entire 3.1-kb Sail fragment that carries both rdxA and hemT as a probe (Fig. 1) . Signals to the 3.1-and 4.2-kb SalI fragments were detected; in addition, a weak signal corresponding to the 7.2-kb SalI DNA fragment carrying the hemT homolog hemA was detected (data not shown). Quantitation of the radioactive signals indicated that hybridization to the 4.2-kb SalI fragment containing the rdAA-like sequence was at least 1.4-fold stronger than that to the 7.2-kb Sail fragment containing hemA. The DNA sequences of the hemT and hemnA genes have been determined; at the nucleotide level, the aligned sequences are 65% identical (53) . These results suggest that the 4.2-kb SalI DNA fragment identified by hybridization to rdAA carries a homolog of this gene and that the rdxA homolog resides on chromosome I (Fig. 7) .
Southern hybridization analysis with probes from the ORF`IT2 region showed homologous ORFT2 signals, but under high-stringency conditions no additional chromosomal hybridization signals were revealed. A weak hybridization signal to the ORFT2 probe was detected, however, on the largest of the five R sphaeroides endogenous plasmids (data not shown).
DISCUSSION
The rdx4 gene encodes a membrane protein. In this report we describe the identification and isolation of a novel R sphaeroides gene, rdx,A, which is a homolog of R meliloti fixG. Little is known about the expression or function of fixG, although it has been predicted to encode a membrane protein (35) . In this study, alkaline phosphatase (PhoA) fusions were used to demonstrate that rdx4 encodes an integral membrane protein in R sphaeroides. The results of alkaline phosphatase measurements and computer-assisted VOL. 174, 1992 R. SPHI4EROIDES rdxA ENCODES A MEMBRANE PROTEIN 6451
. Schematic representation of RdxA topology. Assignment of cellular localization is based on levels of alkaline phosphatase activity in strains carrying RdxA::PhoA fusions with junctions at residues N-258 and D-395, both encircled, and on predictions of transmembrane helices by the method of Eisenberg et al. (20) . Potential iron-sulfur cluster binding to conserved cysteine residues is depicted. Additional cysteines that may be involved in iron-sulfur center coordination are encircled.
analyses of the RdxA sequence were used to assess membrane topology.
Periplasmic location was inferred for the site of the pUI1024-encoded hybrid protein junction, RdxA amino acid 395. The large, 121-amino-acid, C-terminal domain of RdxA would also be predicted normally to reside in the periplasm. In contrast, the site of the pUI1027-encoded hybrid protein junction, RdxA amino acid 258, in the region of conserved cysteines was inferred to be cytoplasmic. The entire 124-amino-acid domain between residues 204 and 328 of RdxA would also be predicted to be cytoplasmically located. Additional fusions are needed to confirm the topology of the N-terminal region of RdxA, but a model consistent with sequence analysis by the method of Eisenberg et al. (20) is presented in Fig. 6 . Alkaline phosphatase activity in DH5a(pUI1023) but not DH5a(pUI1026) suggests that the rdxA gene can be expressed in E. coli with integration of the gene product in the same membrane orientation as that in R sphaeroides. In plasmids pUI1023, pUI1024, pUI1026, and pUI1027, the rdxA initiation codon is separated from the lac promoter of the vector by approximately 1.4 kb of DNA. The lower enzyme levels of DH5a(pUI1023) than 2.4.1(pUI1024) may result from transcriptional dependence in E. coli on a distal vector promoter. It is also possible that in E. coli there is reduced stability or reduced membrane insertion of the hybrid protein. The observation of almost equal alkaline phosphatase activity in the periplasmic and membrane fractions of DH5a(pUI1023) could result from membrane localization of the fusion protein that is more stable than that in R sphaeroides, or it could result from inefficient cell fractionation.
RdxA appears to be an iron-sulfur protein. The pattern of conserved cysteines in RdxA is that found for bacterial-type ferredoxins that bind two [4Fe-4S] clusters (2) . This type of Fe-S cluster binding is found in many of the low-molecularweight ferredoxins and in a variety of complex and multicomponent electron transfer proteins (2) (Fig. 4) Four additional cysteine residues, predicted to be cytoplasmically located, could be involved in iron-sulfur cluster binding. At RdxA positions 102 and 209, two cysteines match a portion of the pattern associated with iron-sulfur coordination, Cys-X-X-X-Cys-Pro (Fig. 3 and 6 ). These cysteines were conserved between RdxA and FixG.
Expression of rdx4. A 2.3-fold increase in alkaline phosphatase activity was found in strain 2.4.1(pUI1024) grown aerobically relative to that in the same strain grown photosynthetically. In R sphaeroides, RdxA may be formed under both aerobic and photoheterotrophic conditions. Although expression of the native and heterologous phoA genes or proteins may differ, it does not appear that the RdxA membrane protein is specifically targeted to the specialized photosynthetic intracytoplasmic membrane.
The approximately 400 nucleotides that separate rdx.4 and hemT in R sphaeroides are extremely rich in A+T nucleotides, perhaps indicating a regulatory region. We are currently exploring the role of this region in hemT regulation (53) and the possibility that this is a region of bent DNA (13) . A consensus sequence upstream of fixG in R meliloti suggests that its transcription is regulated by FixK, an Fnr-like regulator (12) . No such consensus sequence was found upstream of rdxA, although this consensus sequence was found upstream of pucBA (40) and hemA (53) in R sphaeroides.
The genetic organizations of R. meliloti fixG and R sphaeroides rdxA differ. There appears to be translational coupling between the overlapping fixG and fixH genes (35) .
There are, however, 126 nucleotides separating rdx,A and ORFIT2, and in this region lies a potentially strong stem-loop (AG = -32 kcal) that could act to stop transcription. No homology between ORFT2 and any otherfix gene region was detected; the fixGHI(S) operon does not appear to correspond to an rdx4 operon.
Possible roles of RdxA and its homolog in R. sphaeroides. The possibility that RdxA plays a role in an oxidationreduction process is consistent with the similarities found between RdxA and ferredoxins (Fig. 4) , oxidoreductases (Table 2) , and cytochromes. This possibility is also consistent with the finding that the RdxA1 mutant is impaired in its ability to reduce tellurite to tellurium metal, particularly under aerobic conditions (49, 50) . As discussed above, the RdxA levels under aerobic conditions may be higher than those under photoheterotrophic conditions. The RdxA1 phenotype may result from rdxA playing a direct role in tellurite reduction or an indirect role affecting the redox state of the cell.
rdxA was not found to be essential for nitrogen fixation in R sphaeroides. In addition, high levels of RdxA::PhoA expression were found under aerobic conditions, although nitrogen fixation is strictly anaerobic in K sphaeroides. A role for rdxcA in nitrogen fixation, however, cannot be excluded. The presence of an rdxcA homolog may mask phenotypic effects of the rdx4 disruption. The presence of a homolog also emphasizes utilization of partial diploidy by R. sphaeroides (67) . The hybridization intensity suggests that rdx4 and its homolog are more similar than hemA and hemT, which at the nucleotide level are 65% identical (53) .
The location of rdxA upstream of the divergently transcribed hemT suggests interdependent roles for the two genes. In R meliloti, ALA formation plays a role in symbiotic nitrogen fixation; ALA-mutants are unable to fix nitrogen. Bacterial ALA may be used in the heme moiety of the plant leghemoglobin apoprotein and/or it may affect nodule development (16) . In addition, ALA is needed for the heme moiety of the R meliloti FixLJ two-component regulatory system that responds to oxygen and controls the expression of nitrogen fixation genes (28) . Similarly, possible joint roles in ALA formation and any redox process can be linked by the oxygen binding capacity of hemes and the electron transfer roles of cytochromes. Possible related functions of rMM and hemT in R sphaeroides need to be examined.
Identification and analysis of ORFT2. The N-terminal region of the ORFT2 gene product was found to resemble those of bacterial regulators (Fig. 5) . KorA of Streptomyces lividans regulates plasmid transfer and replication (37) . FadR is a transcriptional repressor of fatty acid degradation in E. coli (17) . GntR represses the gluconate operon of Bacillus subtilis (23 (64) and pyruvate dehydrogenase (10) complexes, respectively. The KorA, FadR, GntR, P30, and GenA regulators have been shown to belong to a family of bacterial regulators that also includes a histidine utilization regulator, HutC, of Pseudomonas putida and Kiebsiella aerogenes, and PhnF, an E. coli protein of unknown function encoded in the phn locus, which determines alklyphosphonate uptake and carbon-phosphorus lyase activity (31) .
All of these proteins have been found to have a DNAbinding helix-turn-helix motif in the N-terminal regions of their deduced amino acid sequences (Fig. 5) (31) . With the exception of the 456-amino-acid ORFI2, the regulators are of similar sizes (236 to 248 amino acids). Even among the similarly sized proteins, however, the region of shared homology is limited to the N-terminal region depicted in Fig.  5 (31) . Three computer programs used to analyze the ORFT2 sequence led to contradictory predictions of potential membrane-spanning helices. Further work is needed to determine a regulatory role for the ORFT12 gene product, to confirm the size and structure of the protein, and to determine the target region of its action.
